Abstract In this work, laser induced tungsten plasma has been investigated in the absence and presence of 0.6 T static transverse magnetic field at atmospheric pressure in air. The spectroscopic characterization of laser induced tungsten plasma was experimentally studied using space-resolved emission spectroscopy. The atomic emission lines of tungsten showed a significant enhancement in the presence of a magnetic field, while the ionic emission lines of tungsten presented little change.
Introduction
Laser Induced Breakdown Spectroscopy (LIBS) is a widely exploited atomic emission spectroscopic technique suitably conceived for quantitative and qualitative analysis of the elemental compositions from many different kinds of materials [1] . Typical features such as the little sample preparation, being minorly destructive, the capability of performing stand-off measurements, and the capability of detecting all neutral and ion spectral features, have made it a very versatile analytical technique [2] . Because of the typical features of LIBS, it will be an important diagnostic tool for the tokamak fusion devices such as EAST and ASDEX [3, 4] etc. It has also been used for in-situ depth analyzation, elemental composition, and the removal and cleaning of multilayered plasma-facing materials of nuclear fusion devices [5−9] .
Tungsten (W) has been one of the leading high-Z candidate surface materials for future tokamak divertor and first wall plasma-facing components because of its useful properties such as high melting point,low activation, superior thermo-mechanical properties, low sputter erosion and low tritium (D) retention and codeposition [10, 11] . It is essential and very important to investigate the emission spectral characterization of laser induced tungsten plasma to provide reference for the in-situ investigation of the tokamak fusion devices with LIBS, especially for the in-situ tungsten analysis in the tokamak diverter. As is well known, tokamak fusion devices are operated in strong magnetic and vacuum conditions. Some investigations have been done using LIBS such as the effect of laser wavelength, laser irradiance on the spectroscopic characterization of laser induced tungsten plasma [12, 13] , the effect of the variation of pressure, different ambient gas in the magnetic field condition using Al-Li alloy, cooper (Cu), LiF films [14−16] , etc.
The interaction of highly transient laser-generated plasmas with the magnetic (B) field is a fascinating research area as the B-field can be used to manipulate the dynamic properties of the laser-produced plasmas in vacuum [17, 18] . The influence of the magnetic (B) field on the different species of ions or atoms in plasma presents different dynamic behaviors [15, 16, 19, 20] . To the best of our knowledge, few investigations were carried out on the laser induced tungsten plasma in the presence of the magnetic field. In this work, laser produced tungsten plasma has been carried out in the absence and presence of a 0.6 T static magnetic field at atmospheric pressure in air. The spectroscopic characterization of tungsten plasma was experimentally investigated using space-resolved emission spectroscopy. The results showed a considerable increase of the emission intensity of W atoms with the magnetic field in air, whereas there was no significant change in the intensity of W ionic lines. Space-resolved emission spectroscopy of W plasma in air showed the dynamic properties of ions and atoms were significantly different in the absence and presence of a magnetic field in air. The different behaviors between ions and atoms in tungsten plasma in the presence or absence of a magnetic field were related to the various atomic processes (including electron impact excitation, electron and ion combination, ionic and atomic excited states de-excitation) during the plasma expanding process.
Experimental setup
The experimental setup used in the current work is schematically shown in Fig. 1 . A Q-switched Nd:YAG laser (Brilliant,Easy, Quantel, 5 ns, 10 Hz repetition) at the wavelength 532 nm was used to ablate the tungsten target. The maximum laser energy per pulse was 120 mJ. The material of the samples used in this investigation was polycrystal line tungsten (purity 99.95%, made by the Shanxi Taibai Tungsten Products Factory (China)). The sample has been prepared with a thickness of 2 mm, length of 20 mm, and width of 4 mm. The incident laser pulse was focused by a spherical quartz lens of 25 mm diameter, 100 mm focal length, onto the tungsten target surface in air. The diameter of the focused spot on the target was about 0.4 mm and the laser irradiance was kept at 4 GW/cm 2 for all measurements. Two cylindrical permanent magnets of diameter 25 mm, and thickness 30 mm were used for generating a static transverse magnetic field during this experiment. Both of the magnets were held in a mild steel structural arrangement. The gap distance between the two magnets surface was 7 mm, and the maximum magnetic field intensity between both magnetic poles was about 0.6 T. The magnetic intensity distribution of the gap center section is shown in Fig. 2 . As a comparison, the same size cylindrical aluminium (Al) blocks were prepared as the magnetic field intensity 0 T in order to rule out the effect of space confinement and the shockwave. The emissions of the plasma were collected by a quartz lens with a focal length of 150 mm and a diameter of 50 mm vertical to the laser beam. This provided about 1.5 times magnification of the plasma image for the space-resolved emission spectral collection. The plasma light emissions were guided into an optical fiber bundle which is coupled to a spectrograph. The spectrograph, LIBS2500+ (Ocean Optics Inc, US) had 7 linear silicon CCD array detectors, which made it possible to analyze plasma emissions in the wavelength region from 200 nm to 980 nm with a spectral resolution of about 0.1 nm. In order to obtain a higher resolution of space-resolved emission spectroscopy, a single fiber was used instead of the seven channel fibers, where the diameter of the single fiber was 200 µm. The scanning direction in the spatial resolved experiments was longitudinal. The spectrograph was externally trigged by the laser flash-out signal, while the detection was synchronized with the Q-switch output. The gate width of the spectrograph was 1 ms, and in order to reduce the standard deviation, all the spectra were averaged on 20 shots. 
Emission spectroscopy
The LIBS spectra of tungsten plasma were investigated with and without the presence of the magnetic field in air. Fig. 3 shows the partly tungsten (W) spectral lines containing neutral and singly ionized lines in the LIBS spectra in the absence and presence of a magnetic field of 0.6 T at the position about 2 mm away from the W target surface (corresponding to the position of 2 mm in Fig. 5 ). The spectra were collected at a gate width of 1 ms, gate delay of 0 µs. The emission intensities for the W I lines (361.75 nm, 370.79 nm, 381.75 nm) were all obviously enhanced at a factor about 1.4 in the presence of a magnetic field of 0.6 T. However, it is interesting to note that the W II lines (361.38 nm, 364.14 nm, 364.65 nm, 365.76 nm, 371.61 nm, 373.62 nm) have no significant intensity changes. This does not correspond to its expectation that the W II lines intensity should be enhanced because of the magnetic confinement. In order to interpret the different behaviors between ions and atoms, deep investigations were carried out. 
Variation of emission intensities with gate delay time
The temporal behavior of the atomic and ionic lines from the plasma was investigated. To avoid the complexity, the emission lines of W I 381.75 nm, and W II 373.62 nm were selected to investigate. Fig. 4 (a) shows the variation of emission intensities of W I (381.75 nm) and W II (373.62 nm) as a function of gate delay time ranging from 0 µs to 33 µs in the absence and presence of a magnetic field with a gate width 1 ms. Fig. 4(a) shows that both the ionic and atomic emission line intensities decrease with an increased gate delay time either in the absence or presence of a magnetic field, and the atomic emission time is much longer compared to the ionic. As mentioned above, the emission intensities for the W atomic line were enhanced in the presence of a magnetic field, while the W ionic line was slightly affected. Fig. 4(b) shows the intensity increments of the W atomic line (381.75 nm) obtained by Fig. 4(a) in the presence of a magnetic field compared to the absence of a magnetic field as a function of gate delay time. When the delay time increased to about 4 µs, the atomic line intensity increments began to change. This indicates that the effect of magnetic confinement does not work effectively at the early time during the plasma expanding and cooling process, which may be due to the plasma density and temperature being too high. The plasma density and electron temperature will be discussed in the following investigation. 
Spatial distribution of the tungsten plasma
For a better understanding of the influence of the magnetic confinement of the plasma emission in air, the spatial distributions of ionic line, atomic line and the continuum radiation background (average intensity ranging from 372.5 nm to 373.0 nm) were investigated in the absence and presence of a magnetic field at a gate width of 1 ms, gate delay time of 0 µs. As can be seen in Fig. 5 , the plasma length can be estimated as 4 mm. The distance of 0 mm can be seen as the target surface position.
As shown in Fig. 5 , the spatial resolution of optical emission of tungsten plasma showed the spatial distribution of the continuum radiation, where atoms and ions were separated. The reason for the separation was mainly due to the different emission time which is related to the plasma parameters (including plasma temperature and electron density) during the plasma expanding process. Fig. 6 shows the comparison in the absence and presence of a magnetic field of the spatial evolution of a continuum radiation background, ionic line and atomic line of tungsten plasma. Fig. 6(d) shows the profiles of the normalized (divided by the max value) spatial distribution of atomic line in the presence and absence of a magnetic field. As can be seen, the distribution of the continuum radiation background, W II line was almost not affected by the magnetic field (seen in Fig. 6 (a) and  (b) ), while the W I line intensity was not only enhanced by the presence of the magnetic field (seen in Fig. 6(c) ) but also its spatial distribution was changed (seen in Fig. 6(d) ). The normalized distributions were not similar, which may be due to the atomic line emission time being longer (seen in Fig. 4(a) ) in the magnetic field and so the plasma can diffuse to a further distance. 
Plasma temperature and electron density
The influences of a static magnetic field on the spatial evolution of the time averaged plasma temperature and electron density of the W plasmas are shown in Fig. 7(a) and (b) , respectively. It is assumed that the laser induced W plasmas in air are in local thermodynamic equilibrium (LTE), referred to in several investigations [12, 13] . The plasma temperature and electron density were deduced from the Boltzmann plot method and the Stark broadening of the line profiles [1] , respectively. [21] . For the calculation of the electron density, the W II line 364.14 nm was selected because it is not a resonant line and its profile matches the Lorentzian line shape, indicating that selfabsorption does not occur [13] . Since the instrumental line-broadening exhibits as a Gaussian shape, then the Stark line width ∆λ FHWM can be extracted from the measured line width ∆λ observed by subtracting the instrumental line broadening ∆λ instrument . In this study, ∆λ instrument was 0.92 nm (determined by measuring the FWHM of the Hg lines emitted by a standard low pressure Hg lamp). The Stark-broadened full width at half maximum (FWHM (∆λ 1 / 2 )) can be related to the density (N e ) by the equation
where ω is the electron impact width parameter, which is a weak function of temperature and can be estimated [12, 13] . As shown in Fig. 7(a) , the spatial variations of the plasma temperature in the absence and presence of the magnetic field were similar. The temperature increased with the increased distance and reached a maximum at a distance of about 1.25 mm, then decreased down to a lower value. Meanwhile, at all the distances the plasma temperature was found to be higher in the presence of the magnetic field, which contributed to the atomic lines enhancement to some extent. Fig. 7(b) shows that there was a significant difference of the spatial variation of the electron density in the absence and presence of the magnetic field. The electron density was higher at the distance of 1.5-2.7 mm in the magnetic field, while it was lower at the distance longer than 3 mm, and it is worth noting that electron density decreased faster in the presence of a magnetic field. The reason for this phenomenon may be due to the magnetic confinement, which changed the electron distribution and the recombination rate in the tungsten plasma. 
Discussions
Based on all the results measured above, the spectral behaviors of the W atoms and ions in the absence and presence of a magnetic field in air were found to be significantly different. In order to understand the different behaviors between ions and atoms resulting from various atomic processes (including electron impact excitation, electron and ion recombination, and de-excitation), the influence of the magnetic field needs to be considered carefully.
When an external transverse static magnetic field is applied to the laser-induced plasma, the electrons and ions in the plasma will be influenced by the Lorentz force, and the plasma expansion and diffusion are decelerated by the magnetic field. The deceleration of the plasma expansion in the magnetic field can be deduced as [22] 
where v 1 and v 2 are the asymptotic plasma expansion velocities with and without the presence of the magnetic field, respectively. The density of the plasma can be estimated as the ratio of the total ablated mass and the volume of the hemispherical-shaped plasma plume 2π(vt) 3 /3. It is possible to write the ratio of plasma emission intensity in the presence (I 2 ) and the absence (I 1 ) of the magnetic field as
where t 1 and t 2 are the emission time in the absence and the presence of the magnetic field, respectively. The ratio of the plasma emission intensity in the presence (I 2 ) and in the absence (I 1 ) of the magnetic field can be written as follows [1, 23] .
The parameter of plasma can be given by β=8πnkT /B 2 from magnetohydrodynamics (MHD) equations [1, 17] . The plasma parameter β is the ratio of plasma pressure (P = nkT , n = n e + n i + n neutral ) and magnetic field pressure (B 2 /8π). Here, the highorder ionization is ignored. Assuming emission time durations are equal (t 1 = t 2 ) in the absence as well as in the presence of the magnetic field, here, the enhancement of the emission is mainly dependent on the plasma parameter β, which is the function of plasma temperature and electron density.
During the early time of the W plasma expanding process, as the plasma temperature and electron density is high, which corresponds to the results shown in Fig. 7 (a) and (b) at short distance (0.5 mm-1.5 mm), the plasma parameter β remains at high values. Meanwhile, the continuum radiation background and ionic emission remains comparatively high intensity (shown in Fig. 5 at distances from 0.5 mm to 1.5 mm), which indicates bremsstrahlung radiation and ionic de-excitation emission (W + * → W + + hν) might be dominant processes particularly during this time. As the temperature and the electron density presented in Fig. 7 were time averaged on 1 ms, therefore, the instantaneous temperature and density at an earlier time is expected to be much higher. According to the relation (3), emission intensity in the presence (I 2 ) and in the absence (I 1 ) of magnetic field remain the same for the high values of β, which interprets the little change to the continuum radiation, ionic emission lines in the presence of the magnetic field. This indicates that the confinement effect of a magnetic field is noneffective because of the high plasma density and temperature.
After several microseconds of plasma expanding, the plasma temperature and electron density decay to a lower value (shown in Fig. 6 at a distance over 1.5 mm), which means the plasma parameter β also goes down to a lower value. This indicates that the magnetic confinement is effective and the line emission would be enhanced, while the number of excited ions is much less (W II line intensity shown in Fig. 4(a) after 5 µs) . The recombination process between electron and ion (W + + 2e → W * or W + e) and the excited atoms deexcitation (W * → W+hν) might play a dominant role at this time according to the low ionic line intensity and high atomic line intensity (shown in Fig. 4 (a) after 5 µs and Fig. 5 over 2 mm, respectively) . The recombination rate between ions and electrons should increase at low plasma temperature due to the plasma expansion and high electron density comparatively as a result of magnetic confinement. The results in Fig. 7 (b) in a distance region of 1.5 mm-2.5 mm show that the electron density decreases faster in the presence of a magnetic field compared to the absence of a magnetic field. It confirms the recombination rate of electrons and ions increased because of magnetic confinement. The increase of the recombination rate probably increases the number of excited atoms (W + + 2e → W * + e), which plays a dominant role in enhancing the W atomic line emission intensity. As the results presented in this work are mainly time averaged (1 ms) while the atomic process is highly space and time dependent, time-resolved studies are needed, which is a scope of the future study.
Conclusions
Laser-induced breakdown spectroscopy of tungsten at atmospheric pressure here has been carried out in the absence and presence of a static transverse magnetic field. The observed atomic emission lines of tungsten were enhanced significantly in the presence of a magnetic field, and the ionic emission lines of tungsten were not affected. The atomic emission time in the presence of a magnetic field was longer than that in the absence of a magnetic field. Spatial resolution of spectral emission lines of tungsten showed the spatial distributions of atoms and ions were separated because of the different emission time and the variation of the dominated atomic process. The influence of a magnetic field on the spatial distribution of atoms was remarkable and the spatial distribution of ions was little influenced. The different behaviors between ions and atoms in the absence and presence of a magnetic field in air were mainly due to the magnetic confinement for the electrons, which increased the rate of recombination in the tungsten plasma. 
